The effect of antimicrobial agents on the intracellular multiplication of Legionella pneumophila in cultured guinea-pig peritoneal macrophages was measured. Beta-lactam antibiotics at concentrations 5 to 400 times the MIC in ritro did not inhibit the intracellular growth of the organism. Gentamicin inhibited the growth considerably but failed to eliminate the organism from the phagocytic mixture. Chloramphenicol or tetracycline at 10 pg ml-(40 or 5 times the MIC in vitro respectively) did not eliminate the organism. At a higher concentration (30 pg ml-l), however, these drugs eliminated the bacterium from the mixture. Only erythromycin and rifampin were effective in killing the organism at very low concentration (1 pg ml-l ) . Intracellular multiplication of L. pneurnophila was observed clearly by light microscopy using Wright-Giemsa staining.
I N T R O D U C T I O N
Legionella pneumophila is a facultative intracellular pathogen which multiplies within a variety of cultured cells including human monocytes (Horwitz & Silverstein, 1980) , human polymorphonuclear leukocytes (Horwitz & Silverstein, 198 l) , human embryonic lung fibroblasts (Bacheson et a/., 1981; Wong et al., 1980) , as well as guinea-pig peritoneal macrophages (Kishimoto et al., 1981) .
The organism is susceptible to a variety of antibiotics in vitro (Edelstein & Mayer, 1980) . However, the efficacy of the drugs in the treatment of legionellosis is limited ; only erythromycin and rifampin appear to be effective (Fraser et al., 1978; Kirby et al., 1980) . The reason for the discrepancy between in vitro and in vizw sensitivity of the organism is not known. Bacheson et al. (1 98 1) tested susceptibility of intracellular bacteria to gentamicin and erythromycin using human embryonic lung fibroblasts and they found that gentamicin, which is very effective in uitro but not in uiuo, had much more effect on the intracellular bacterium than erythromycin.
Our present study was carried out to establish an experimental system which reflects more exactly in vico therapeutic findings. During the experiments in which antimicrobial susceptibility of L. pneumophila in guinea-pig peritoneal macrophages was measured, we obtained results different from those of Bacheson et al. (1981) , and found that erythromycin and rifampin were the most effective drugs among those tested. inoculation and were grown once on charcoal yeast extract (CYE) agar (Feeley et al., 1979) and stored in tryptic soy broth, Bacto (Difco) supplemented with 20% (v/v) glycerol at -80 "C.
Antimicrobial agents and determination of minimum inhibitory concentration (MIC). Ampicillin was obtained from Banyu Seiyaku Co. Piperacillin was supplied by Toyama Chemicals. Cefazolin was from Fujisawa Pharmaceutical Co., and cefotaxime was obtained from Hoechst, Japan. Moxalactam was supplied by Shionogi & Co. Chloramphenicol was a gift from Sankyo Pharmaceutical Co. Erythromycin was obtained from Dainippon Seiyaku Co. Gentamicin was from Essex Japan and nalidixic acid was from Nakarai Chemicals. Rifampin was a gift from Daiichi Pharmaceutical Co.
Ampicillin was dissolved and diluted with phosphate buffer (0.1 M, pH 8.0). Chloramphenicol and rifampin were dissolved in methanol and diluted with water. Erythromycin was dissolved in methanol and diluted with phosphate buffer (0.1 M, pH 8.0). Nalidixic acid was dissolved in 0.1 M-NaOH and diluted with water. Other drugs were dissolved and diluted with water.
MIC in uitro was determined by a broth dilution method using yeast extract broth (YEB; Ristroph et al., 1980) . Inoculum size of L. pneumophila was adjusted to about 1 x lo4 c.f.u. ml-l . All tubes were incubated at 37 "C for 6 d before the results were read.
Preparation of peritoneal macrophage monolayer. Peritoneal macrophages (PMQ,) were obtained from male guinea-pigs of an outbred Hartley strain weighing 450 to 500 g. Healthy guinea-pigs were injected intraperitoneally with 10 ml of 10% proteose peptone no. 3 (Difco). Four days after the injection, the guinea-pigs were bled by cardiac puncture and peritoneal exudate cells (PEC) were collected with RPMI 1640 medium (Gibco) containing 10 U heparin ml-* (10 U is 77 pg dry wt of purified heparin). The number of viable cells was determined by the trypan blue dye exclusion method in a haemocytometer. Differential cell counts were done on Wright-Giemsa stained smears of PEC. The percentages of differential cell types were macrophages, 80-90%; neutrophils, 1-3%; eosinophils, 1 4 % ; and lymphocytes, 5-10%. After washing by centrifugation, PEC were resuspended in RPMI 1640 medium and adjusted to a concentration of 2 x lo6 cells ml-I. To obtain adherent cells, 0.5 ml cell suspension was placed in each well of a 24-well tissue culture plate (Falcon, no. 3008) and the plates were incubated for 1 h at 37 "C in a humid atmosphere of 5% C 0 2 in air (CO, incubator). After incubation, the wells were washed with sterile PBS (136.8 mM-NaC1, 2.7 mM-KC1, 8.1 m~-Na,HP0,.12H,0, 1.5 mM-KH,PO,) to remove non-adherent cells. PMQ, from individual guinea-pigs were used for each iridividual experiment.
Phagocytosis in citro. The bacteria were harvested from a CYE plate incubated for 4 to 5 d and were suspended in PBS to an OD,oo of 0.14 (approximately 1 x lo8 c.f.u. ml-I). The suspension was diluted 100 times with RPMI 1640 medium containing 15% (v/v) normal autologous guinea-pig serum. Bacterial suspension (0.5 ml) was then inoculated onto the PMQ, monolayers in wells and incubated for 1.5 h at 37 "C in a C 0 2 incubator. After incubation, each well was washed twice with sterile PBS to remove non-phagocytosed bacteria. Thereafter the cells were incubated in RPMI 1640 medium containing 15% normal autologous serum plus various antibiotics at 37 "C for 24,48 or 72 h in a COz incubator. Antibiotics were added to the PMQ-bacterium mixture at various concentrations with reference to the clinically appropriate serum levels (Johnson et al., 1980; Braude, 1981 ; Sabath, 1980) . The concentrations of specific antibiotics used are given in the figure legends or tables.
Postphagocytic determination oj intracellular growth. After 0, 24, 48 or 72 h incubation as described above, the culture medium was discarded and each weil was washed gently with 1 ml sterile PBS. Then 1 ml sterile distilled water was added and adherent cells were scraped from the bottom of the well with a rubber policeman. The cell suspension was transferred to a test tube and sonicated in a Bransonic 32 sonicator (1 50 W) for 2 min. Under these conditions, PMQ, were disrupted completely but the bacteria were not killed. The sonicated cell suspension was diluted appropriately and 0.1 ml was inoculated onto the CYE agar to determine c.f.u. of L. pneumophilu in each well. Two replicate wells were used for each experiment. Colonies on CYE agar were counted 5 to 7 d after incubation.
Light microscopy. PMQ monolayers were prepared on cover slips by the same procedures as described above. They were infected with L. pneumophila and incubated with or without antibiotics. At intervals, the infected PMQ were stained by Wright-Giemsa staining and observed under a light microscope.
R E S U L T S

In uitro susceptibility
The results of drug susceptibility tests of L. pneumophila in Y E B are shown in Table 1 . The organism was sensitive to most drugs but resistant to cephazolin and moxalactam. The results of in vitro activities of beta-lactam antibiotics against the strain corresponded closely with those of Fu & Neu (1979) , who reported that L. pneumophila produced beta-lactamase but MICs of penicillins and cefoxitin were low. GM, gentamicin (18 pg ml-l); EM, erythromycin (18.4 pg ml-l); RFP, rifampin (20 pg ml-'); TC, tetracycline (10 pg ml-l ) ; CTX, cefotaxime (10 pg ml-l); CFX, cefoxitin (10 pg ml-l); CP, chloramphenicol(l0 pg ml-l); NA, nalidixic acid (10 pg ml-l ) . Complete killing of bacteria at 72 h by EM or RFP (Expt 1) was confirmed by plating all bacterial suspensions on CYE agar plates. The vertical bars represent ranges of results. In tracellula r susceptibility It was confirmed that no multiplication of L. pneumophila occurred in RPMI 1640 medium with 15 % (v/v) fresh guinea-pig serum unless PMO monolayer was present (data not shown).
The time course of intracellular multiplication of the strain in guinea-pig FMO is shown in Fig. 1 .
In control cultures that contained no antibiotic there was about a 2-log increase in the number of c.f.u. after 24 h incubation and the number reached a maximum after 48 h incubation. The viable counts levelled off or declined thereafter because of the detachment or rupture of infected PMO. Drug concentrations were chosen with reference to Johnson et al. (1980) in expts 1 and 2. No growth inhibition of the strain was seen in phagocytic mixtures containing ampicillin, cefoxitin or cefotaxime at 10 pg ml-although the concentrations of the antibiotics were 5 to 80 times higher than in vitro MICs. Growth of the bacteria was inhibited by addition of gentamicin at 18 pg ml-1 or of chloramphenicol, tetracycline or nalidixic acid at 10 pg ml-I , but these drugs failed to eliminate the organism from the phagocytic mixtures within 72 h of incubation. The organism remained viable after 48 h incubation with 18.4 pg erythromycin ml-I or 20 pg rifampin ml-1 but was eliminated completely after 72 h.
Other concentrations of each drug were also tested for their effect on intracellular multiplication of L. pneumophila ( Table 2) . Numbers of viable bacteria were determined after 2 (6) and (c) were taken in the same experiments using the same macrophage monolayers. In (a) and (6) * < 1 means less than ten viable bacteria in each well. From the total 1 ml of sonicated PM@ suspension from each well, 0.1 ml was plated onto CYE agar to determine c.f.u.
or 3 d incubation. Ampicillin, cefoxitin or cefotaxime did not prevent multiplication in spite of higher concentrations. Erythromycin or rifampin at lower concentrations ( 5 or 1 pg r n 1 -I ) were effective; numbers of viable bacteria in the phagocytic mixtures became < 10 after 72 h incubation. Chloramphenicol and tetracycline were also effective at 30 pg ml-but gentamicin was not effective at 1 pg ml-l .
Light microscopy
The phagocytic mixture was examined microscopically after 48 h incubation (Fig. 2) . In infected PMO cultured without antibiotics large numbers of bacteria were observed within the cytoplasm of cultured macrophages (Fig. 2a) . In infected PMO cultured with 10 pg ampicillin ml-numbers of intracellular L. pneumophila were almost comparable to those of the control (Fig. 2b) . In infected PMO cultured with 18.4 pg erythromycin ml-intracellular bacteria were hardly seen and the monolayer showed a normal appearance (Fig. 2c) . Note that in Fig. 2(a) and (b) the surrounding cells are detached from the cover slips. Kirby et al. (1980) reported that erythromycin was presently the drug of choice for the treatment of Legionnaires' disease, and Fraser et al. (1978) reported that erythromycin and rifampin prevented death of guinea-pigs experimentally infected with L. pneumophila. Our present data support these in oivo studies; that is, erythromycin and rifampin were able not only to inhibit multiplication but also to kill L. pneumophila in the guinea-pig PMQ.
D I S C U S S I O N
Critical factors that determine the effectiveness of antibiotics against intracellular parasites may be in vitro levels of MIC and antibiotic penetration. Antibiotic entry into phagocytic cells was studied using rabbit alveolar macrophages by Johnson et af. (1980) , and entry into human polymorphonuclear cells by Prokesch & Hand (1982) . According to their studies, penicillins and cephalosporins hardly penetrated phagocytic cells. However, erythromycin was taken into cells by an active metabolic process and rifampin penetrated by simple solubility partition. The reasons for the efficacy of erythromycin and rifampin against intracellular L . pneumophila may therefore be their good penetrability and low MIC values.
The synergism or antagonism between antibiotics and components of phagocytes could also influence the inhibitory effect against intracellular bacteria. However, synergistic action of antibiotics with bactericidal mechanisms such as lysosomal enzymes or reactive oxygen species has not been demonstrated. The metabolism of antibiotics within phagocytic cells is also unclear. It is possible that gentamicin, chloramphenicol and tetracycline may be inactivated to some extent in macrophages because the in citro MICs of these antibiotics were low, whereas penetration of these drugs into macrophages is fairly good according to Johnson et al. (1 980) .
In our present studies, 8 to 9 x los adherent macrophages were infected with approximately 5 x lo5 bacteria. The percentage of macrophages which phagocytosed the bacteria was not distinguishable by Wright-Giemsa staining. However, this can be estimated from the data of c.f.u. at 0 h in Fig. 1 : only about 1 % of the macrophages actually phagocytosed the organism.
These conditions were considered to be suitable for observing the effect of antibiotics on intracellular multiplication of L.pneumophila from 24 to 72 h of culture. Higher infectivity ratios were avoided to prevent detachment of macrophages from the bottom of the wells after 48 to 72 h of culture. Macrophages that did not phagocytose bacteria initially were able to do so later during incubation when bacteria were released into the supernatant from dead macrophages. Bacheson et al. (1981) reported that gentamicin was more effective than erythromycin in inhibiting intracellular multiplication of L. pneumophila in human embryonic lung fibroblasts. The difference in cell types used may account for the discrepancy between their results and ours.
We found that phagocytosed L. pneumophila could be easily stained by Wright-Giemsa stain. It is not known, however, whether this technique can be used as a conventional staining method for the organism in tissues or exudates from patients.
Note added inprooJ It has come to the attention of the authors that the effect of erythromycin and rifampin against phagocytosed L. pneumophila was reported by M. A. Horwitz & S. C. Silverstein, 1983 (Journal of Clinical Inziestigation 71, 15-26) .
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